Abstract: The UBR-box is a 70-residue zinc finger domain present in the UBR family of E3 ubiquitin ligases that directly binds N-terminal degradation signals in substrate proteins. UBR6, also called FBXO11, is an UBR-box containing E3 ubiquitin ligase that does not bind N-terminal signals. Here, we present the crystal structure of the UBR-box domain from human UBR6. The dimeric crystal structure reveals a unique form of domain swapping mediated by zinc coordination, where three independent protein chains come together to regenerate the topology of the monomeric UBR-box fold. Analysis of the structure suggests that the absence of N-terminal residue binding arises from the lack of an amino acid binding pocket.
Introduction
E3 ubiquitin ligases catalyze the transfer of ubiquitin to proteins targeted for proteasomal degradation.
These enzymes recognize specific degradation signals termed degrons, located in substrate proteins. 1 The N-end rule pathway is a branch of the ubiquitin proteasome system that relates the in vivo half-life of a protein to the identity of its N-terminal residue. 2 The UBR-box is a 70-residue zinc finger domain present in the UBR family of E3 ubiquitin ligases. The mammalian genome encodes seven UBR-containing proteins named UBR1-UBR7. In mammals, UBR1, UBR2, UBR4, and UBR5 target proteins for proteasomal degradation in the N-end rule pathway by binding destabilizing N-degrons through the UBR-box domain. 3, 4 Remarkably, the presence of the UBR-box does not guarantee the ability to recognize N-degrons. UBR3, UBR6, and UBR7 contain a UBR-box but do not bind destabilizing N-terminal residues. 3 In our previous work, we identified the molecular determinants for N-degron recognition in UBR1 and UBR2 by studying the crystal structure of the UBR-box and its ability to bind N-degron peptides. However, the role of the UBR-box domain in proteins that are not part of the N-end rule is still not understood. UBR6, also called FBXO11, is an F-box subunit of the Skp1-Cullin-F-box ubiquitin ligase complex. As an F-box protein, UBR6 directly binds substrates for ubiquitylation and proteasomal degradation. It comprises an N-terminal F-box, three presumptive substrate-binding CASH domains, and a C-terminal UBR-box. 5 Despite the presence of a UBR domain, UBR6 does not bind N-degrons. 3 To understand the role of the UBR-box in proteins that are not part of the N-end rule pathway, we determined the crystal structure of the UBR-box domain from human UBR6. We analyze the distinct dimerization behavior observed in solution and in the crystal and propose an explanation for the inability of UBR6 to bind N-degrons.
Results and Discussion
The UBR-box domain of UBR6 is a mixture of monomers and dimers in solution UBR6 eluted in two peaks during size exclusion chromatography (SEC), suggesting the protein forms both dimers and monomers in solution [ Fig. 1(A) ].
No exchange between the two forms was observed in chromatography experiments. We used multiangle light scattering coupled with SEC (SEC-MALS) to confirm the molecular mass of the purified fractions [ Fig. 1(B) ]. Dimerization has been observed in other zinc fingers 6, 7 and F-box proteins 8, 9 but the UBRboxes of UBR1 and UBR2 do not form dimers. [10] [11] [12] It is unclear if the UBR6 UBR-box is a dimer in the context of the full-length protein and if it affects its function.
Domain swapping in the UBR-box domain from UBR6
Crystallization experiments were set up for both monomer and dimer fractions of UBR6. Crystals grew after approximately 6 months for both samples. All crystals had the same space group and crystal form regardless of the input sample. Solving the structure by phasing with anomalous diffraction of the zinc atoms showed that the crystals had four identical molecules in the asymmetric unit arranged as two dimers. Each chain consists of three a-helices, two antiparallel b-strands, and two long loops [ Fig. 1(C) ]. Dimerization is mediated by zinc fingers located in the extremes of the dimer that coordinate three zinc atoms each [ Fig. 1(C,E) ]. In addition, a central zinc is tetrahedrally coordinated by histidine residues 848 and 883 from two chains.
The tetrahedral topology of the central zincbinding site comprising only histidine residues is uncommon. Banaszak et al. report a zinc-coordination site of only histidine residues 13 [ Fig To test the effect of this zinc-binding site on dimerization, we mutated the histidines to alanine and probed the mutant proteins by SEC. Dimer and monomer peaks were observed for both the His848Ala and His883Ala mutants but the His848Ala mutant showed an increase in the fraction of monomers [ Fig. 1(D) ]. A His848/883Ala mutant was designed but the protein did not express. These results suggest that the dimerization observed in solution is not dependent on the central zinc coordination site. We believe this zinc coordination site may be an artifact of crystal packing as zinc was present in the crystallization drop at 10 mM.
The remaining zinc binding sites offer some insight into the significance of the structure and suggest that it arises from a unique form of domain swapping. The second zinc finger has an unusual topology also observed in UBR1 and UBR2, 11, 12 consisting of two zinc ions each tetrahedrally coordinated by the shared cysteine 868 [ Fig. 1(E) ]. All but one of the zinc-coordinating residues are conserved across the UBR family [ Fig. 2(A) ]. In UBR1 and UBR2, a histidine residue forms a Cys 3 -His coordination sphere while, in UBR6, this residue is replaced by Cys899 to generate a Cys 4 site. A remaining zinc atom in each zinc finger is bound to a Cys 2 -His 2 site found in UBR1/ 2 structures [ Fig. 1(E) ]. Even though most of the zinc-binding residues are conserved in UBR6 compared to UBR1 and UBR2 [ Fig. 2(A) ], the structure of UBR6 is strikingly different. Analysis of the UBR6 structure suggests that it is the result of domain swapping where three independent protein chains come together to regenerate the topology observed in the monomeric UBR-box fold [ Fig. 2(B,D) ]. The first zinc ion is coordinated by Cys868 and Cys872 from chain one (green), and Cys890 and Cys899 from chain two (cyan). The second zinc atom is coordinated by Cys865 and Cys868 from chain one (green), Cys888 from chain two (cyan), and Cys835 from an adjacent chain (yellow) [Figs. 1(E) and 2(B)]. This zinc finger is observed twice in the structure as two protein chains coordinate each zincbinding site in opposite sides of the dimer [ Fig. 1(C) ]. The third zinc finger has a typical Cys 2 -His 2 topology as observed in UBR1 and UBR2 [ Fig. 1(E) ]. This zincbinding site is the only one formed by one protein chain. In UBR1 and UBR2, these zinc fingers form a rigid scaffold that frames the N-degron binding site. Given the conservation of the zinc coordination spheres, we believe the reconstructed monomeric structure shown in Figure 2 (B) is probably a close representation of the physiological structure of the UBR6 UBR-box.
One question that remains is why the UBR-box in UBR6 does not bind N-degrons. We were unable to detect binding of peptides with N-terminal arginine residues to the UBR-box of UBR6 by nuclear magnetic resonance. We labeled the UBR6 domain with 15N and acquired 1 H-15 N correlation spectra adding increasing concentrations of unlabeled Arg-Ile-PheSer peptide, which binds strongly to UBR1 and UBR2. UBR6 signals did not shift or disappear indicating no binding. This result is in agreement with a published study with the full-length protein. 3 In UBR1 and UBR2, N-degron recognition occurs through a negatively charged pocket that recognizes the positive N-terminal residue, and a secondary hydrophobic pocket, which binds the second residue of the substrate [ Fig. 2(E) ]. An electrostatic potential surface representation of the UBR6 fragment containing the conserved zinc fingers lacks any grooves in the area where N-degron binding is expected [ Fig. 2(F) ]. A homology model generated by the SWISS-MODEL server based on the available UBR-box structures (human and yeast) [ Fig. 2(G) ] also shows the absence of grooves that would support N-degron binding.
A physiological structure of the UBR-box domain from a UBR protein that does not bind Ndegrons will clarify the structural differences that prevent type-1 binding. Moreover, such structure may elucidate alternative functions of the UBR-box that are independent of the N-end rule. Among the possibilities for UBR-box function are those of zinc finger proteins. Tertiary structured zinc fingers confer specific binding activities to various molecules beyond proteins such as DNA, RNA, and small molecules. It remains to be discovered if the UBR-box is a protein-protein interaction domain or if it serves other macromolecules.
In conclusion, this study exposes the ability of the UBR-box domain from FBXO11 to form monomers and dimers in solution. We present a domain-swapped crystal structure mediated by three zinc coordination sites that emulate the known UBR-box fold and propose an explanation for the lack of N-degron binding.
Methods

Protein expression and purification
Human UBR6 (833-904) and H848A, H883A, and H848/883A mutants were cloned into pGEX-6p-1 vector and expressed in BL21(DE3) E. coli cells. Cultures were grown at 378C until O.D. at 600 nm reached 0.7. At this point, 100 mM ZnCl 2 was added, and protein was induced with 0.5 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG). Cultures were grown for 20 h at 168C. Lysis of pellets was done in 50 mM HEPES pH 7.5, 200 mM NaCl, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM ZnCl 2 , 5% glycerol, and 5 mM b-mercaptoethanol buffer. GSTtagged protein was purified using glutathione Stransferase (GST) sepharose beads and eluted with 20 mM reduced glutathione. GST tag was cleaved using PreScission Protease from GE life sciences. Proteins were further purified by SEC using a HiLoad Superdex 75 16/600 column and 20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM bmercaptoethanol and 10 mM ZnCl 2 buffer. Gel filtration experiments for UBR6 mutants were performed in a Superdex 75 10/300 GL column.
SEC-MALS
SEC-MALS experiments were done in with the Wyatt miniDawn TREOS and Optilab rex units using a Superose 6 10/300 GL column and 8 mg/mL of protein. Data analysis was performed with the ASTRA software.
Crystallization, data collection, and structure determination Crystals of 10 mg/mL UBR6 (monomer and dimer fractions) were grown at 228C by sitting drop vapor diffusion against 0.2 M NaNO 3 , 0.1 M Bis-Tris propane pH 6.5, and 25% polyethylene glycol 3350. Crystals were cryoprotected with 20% ethylene glycol and flash cooled with liquid nitrogen. X-ray diffraction datasets were collected at k 1.28 at the Canadian Light Source facility beam line 08B1-1 using a RAYONIX MX300HE detector. Data were processed using HKL2000. 15 Protein structure was solved using AutoSol program from PHENIX. 16 Model was finalized manually using COOT. 17 Structure refinement was done with CCP4 18 and PHENIX 16 suites. Translation/ libration/screw (TLS) vibration motion was applied at the last stage of refinement. 19 Refinement statistics are given in Table I . Figures were produced using PyMol. 20 The UBR6 homology model was generated by SWISS-MODEL server. 21 
Accession number
The coordinates and structure factors of the UBRbox domain from UBR6 have been deposited in the PDB with accession code 5VMD. Values in parenthesis are for the highest resolution shell.
